ABSTRACT High-frequency and micro-amplitude vibration applied on ship walls in the fluid can interfere with the coherent structure of the boundary layer near the wall to achieve drag reduction. This paper presents a method to reduce the drag of the ship-shaped wall by using piezoelectric ceramic vibrators. Piezoelectric ceramics are glued on the inside wall to excite wall vibration which is perpendicular to the flow direction. The drag reduction characteristics of a ship-like body model were studied. The influences of vibration amplitude of piezoelectric vibrator, vertex angle, and moving velocity on the drag reduction characteristics were analyzed by finite element simulations. The maximum drag reduction rate is up to 48.96% in the case of the vertex angle of 10 • and the vibration amplitude of 6 µm. A prototype and the corresponding experimental platform were designed and manufactured. Experiments were carried out, and the comparison of the experimental results and the simulation results verifies that the proposed drag reduction method is feasible and effective. This paper provides an effective way to reduce the resistance of ship navigation.
I. INTRODUCTION
Whether moving in water or air, objects are always subjected to the drag from the fluid flow around them. The drag acts on the moving object mainly includes two parts: the frictional drag and the pressure drag. Pressure drag mainly depends on the wall profile of the object, and ideal pressure drag can be realized by optimizing the wall profile of the object. The coherent structure of wall turbulence characterized by streaks and streamwise vortex are the main source of the generation of frictional drag. The approaches to reduce frictional drag mainly include: riblet drag reduction [1] , [2] , super hydrophobic surfaces drag reduction [3] , [4] , compliant wall drag reduction [5] , [6] , polymer additive drag reduction [7] , [8] , microbubble drag reduction [9] , [10] , vibration drag reduction [11] - [14] , etc.
As an active control method, vibration drag reduction can achieve optimal control performance without information feedback. Many researches have been done on the turbulent coherent structures and the frictional drag of smooth flat plate oscillating in spanwise direction periodically, results demonstrate that the vibration drag reduction method is effective and the drag reduction rate can reach up to 40% [11] - [14] .
The vibration drag reduction can be achieved by electromagnetic actuator, mechanical actuator, shape-memoryalloy actuator or piezoelectric actuator. The piezoelectric actuator has been applied in various filed thanks to the advantages of high accuracy, good controllability and fast response [15] - [18] . The working mechanisms of drag reduction based on piezoelectric vibration for plate structures are mainly discussed [19] - [21] , while, to the best of our knowledge, the characteristics when applying this method on actual physical model are rarely discussed.
In this work, a drag reduction method based on piezoelectric vibration is proposed in order to achieve effective and convenient drag reduction for ships. A ship-like body model is given and the influences of vibration amplitude, moving velocity and vertex angle on frictional drag and total drag are analyzed by finite element simulations. The corresponding drag reduction rates are explored, and the method to obtain better drag performance under different conditions are given based on the results. A prototype will be manufactured based on the designed ship-like model, and experiments will be carried out in a water tunnel. The feasibility of employing piezoelectric vibration to achieve drag reduction will be verified.
II. THEORETICAL MODELS
In this work, piezoelectric ceramics are glued on the target wall to achieve vibration drag reduction, as shown in Fig. 1 , where the orange arrows represent the flow direction, and the vibration direction is perpendicular to the wall. When sine waves are applied on the piezoelectric ceramic, microvibration which is perpendicular to the flow direction will be generated.
The characteristics of wall boundary layer created by highfrequency micro-vibration can be studied by Navier-Stokes equation, as follows
In the x direction, there is
In the y direction, there is
The continuity equation is
where ρ is the density, µ is the dynamic viscosity, P is the pressure, v x is the velocity along the flow direction, v y is the velocity in the normal direction. It is difficult to solve the Navier-Stokes equation directly due to the complexity of the flow field. However, according to the characteristics of the boundary layer (when the particle on the wall, the flow velocity is 0; when the distance between the particle and wall is equal to the boundary-layer thickness, the flow velocity is similar to free stream velocity), the Navier-Stokes can be simplified by estimating the order of magnitude of the separate terms in the equations.
Using the free stream velocity U and a characteristic dimension of the body l as reference values, every item of equations can be transformed into dimensionless form.
The dimensionless equations are shown in (11) to (13) . Where Re represents the Reynolds number. The length x and the velocity v x have the order of magnitude O (1) . The length y ranges from 0 to δ, so the length y has the same order of magnitude O(δ) of the boundary-layer thickness, and the boundary-layer thickness δ is very small compared to dimension l, therefore, the order of magnitude O(δ) is far less than 1. The order of magnitude O(δ) of the velocity v y can be obtained from the dimensionless continuity equation (13) . For the viscous term to exist in the x direction, the factor 1 Re must be of the order of magnitude O(δ 2 ).
By comparing the order of magnitude of each items in the equations, neglecting the item whose order of magnitude is less than 1, we can obtain the Prandtl boundary layer differential equations, as follows
When vertical vibration is applied on the target wall, the change of velocity along the flow direction on the wall can be ignored, i.e. ∂v x ∂x = 0. While, velocity disturbance exists in the normal direction, and the velocity along the direction of flow near the wall has gradient in the normal direction, then, the momentum equation of the boundary layer can be described as
When the boundary layer is perturbed by high-frequency micro-vibration, the left side of (16) is the increment of the vibration velocity term.
which will affect the pressure gradient term ∂p/∂x and viscous term ∂ 2 v x /∂y 2 on the right side of (16). Therefore, the vibration can change the velocity gradient of the boundary layer and reduce the viscous resistance of the fluid, which can result in the reduction of the frictional drag. Fig. 2 illustrates a ship-like body model with piezoelectric ceramics, where α represents the vertex angle. The size of the piezoelectric ceramic used in this work is 35mm × 15mm × 2mm. The drag reduction system using piezoelectric vibration involves the coupling of multi-physics field, such as electromechanical coupling, fluid-solid coupling, etc., it is difficult to obtain the drag reduction characteristics based on analytical analysis. Thus, simulations are carried out to study the drag reduction characteristics.
III. ANALYSIS OF DRAG REDUCTION CHARACTERISTICS
As we can see from Section II, the vibration velocity term in (17) is mainly influenced by the vibration amplitude of the piezoelectric vibrator which is determined by the excitation intensity; the pressure gradient term is mainly affected by the vertex angle, and the viscous force term is affected by the moving velocity of the designed ship-like model. In order to provide the method of obtaining better drag reduction performance for different conditions, the influences of vibration amplitude, moving velocity and vertex angle on the frictional drag, total drag and corresponding drag reduction rates should be analyzed. The modal and transient analysis for obtaining the working frequency and vibration results are carried out by using the finite element analysis software ANSYS. The type of the piezoelectric ceramic used in this work is PZT-4. 
According to the modal analysis, we obtained that the required vibration state occurs at the first mode with the corresponding frequency of 2.04 kHz.
The fluid dynamics analysis are carried out in software FLUENT to analyze the drag reduction characteristics. In order to coincide with the laboratory water tunnel, the established fluid field size is 2000 mm×400 mm. The boundary condition of the inlet is treated as the velocity inlet, and the outlet is treated as the outflow. By building UDF (User Defined Function), the obtained vibration results are used as boundary conditions applied to the wall where piezoelectric ceramics pasted. The frictional drag reduction rate d can be written as
where f 0 is the frictional drag of the moving ship-like model without vibration, and f t is the frictional drag of the moving ship-like model applied vibration. The total drag reduction rate D can be written as
where F 0 is the total drag of the moving ship-like model without vibration, and F t is the total drag of the moving shiplike model applied vibration. Based on (21) and (22), the reduction rate curves of frictional drag and total drag can be obtained as shown in Fig. 5 , where the solid line represents the total drag reduction rate and the dotted line represents the frictional drag reduction rate. It can be seen that the drag reduction rates reach the maximum values at the initial time, and then decrease to a certain value with the increase of time. This is mainly due to the dramatic changes in the boundary layer caused by the initial vibration, resulting in a greater drag reduction rate. Then the boundary layer tends to be stable along with the stabling of the vibration. Therefore, when piezoelectric vibration is used for drag reduction, the discontinuous vibration of piezoelectric vibrators should be produced to achieve a better drag reduction performance.
B. INFLUENCES OF VIBRATION AMPLITUDES ON DRAG REDUCTION
Figs. 6 and 7 show the frictional drag and total drag results of the ship-like body model when applied different vibration amplitudes under the vertex angle of 10 • and the moving velocity of 0.1 m/s, respectively, where A represents vibration amplitude. It can be seen that the frictional drag and total drag of the ship-like model all decrease with the increase of the vibration amplitude at the initial stage of vibration. While, with the increase of vibration time, the influences of vibration amplitude changes on the drag decrease.
Figs. 8 and 9 show the drag reduction rates when the vibration amplitude of the piezoelectric vibrator is different. It can be seen that the frictional drag reduction rate increases with the increase of the vibration amplitude at the initial stage of vibration; with the increase of vibration time, the effect of vibration amplitude on frictional drag reduction rate is weakened. The total drag reduction rate decreases gradually with time and several small peaks exist, the larger the vibration amplitude, the greater the total drag reduction rate. The maximum drag reduction rate is up to 48.96% in the case of the vibration amplitude of 6 µm and the vertex angle of 10 • . The vibration of the wall is created by the piezoelectric vibrator and the vibration amplitude is determined by the intensity of the applied square wave excitation. Thus, the drag reduction performance can be controlled by adjusting the excitation parameters, and high level excitation can achieve better drag reduction performance.
C. INFLUENCES OF VELOCITY ON DRAG REDUCTION
The moving velocity of the ship is not constant during the navigation process which results in that the drag acting on the ship is different. In order to stabilize the drag reduction performance based on piezoelectric vibration when moving velocity changes, the influences of moving velocity on the drag reduction characteristics should be studied. (21) and (22), the drag reduction rates are shown in Fig. 12 and Fig. 13 . It can be seen that, when other conditions remain unchanged, the influences of moving velocity on the drag reduction performance mainly exist in the initial stage of vibration process, and the peak value of the drag reduction rates of frictional drag and total drag all decrease with the increase of moving velocity. Besides, we can see that with the increase of the moving velocity, the time when the peak value occurs increases basically. After the vibration of piezoelectric vibrator tends to be stable, the influences of moving velocity on the drag reduction performance are weakened. The maximum drag reduction rate is up to 39.15% in the case of the velocity of 0.1 m/s. Therefore, when the moving velocity increases, the excitation applied to the piezoelectric vibrator should be enhanced so as to stabilize the drag reduction performance.
D. INFLUENCES OF VERTEX ANGLE ON DRAG REDUCTION
The total drag of ship during the navigation process mainly includes pressure drag and frictional drag, as the pressure drag is influenced by the wall profile as well, here only the influences of vertex angle on the frictional drag are discussed. vertex angle. The corresponding drag reduction rates of the frictional drag are shown in Fig. 15 . It can be seen that with the increase of the vertex angle, the frictional drag reduction rate increases, and the time corresponding to the peak value of the drag reduction rate increases gradually as well. The frictional drag reduction rate can reach 18.55%, 21.62% and 48.69% when the vertex angle is 10 • , 30 • and 60 • , respectively. Therefore, in order to obtain larger drag reduction rate, the time interval of the excitation should be increased when the drag reduction method is applied to ship with large vertex angle; the excitation intensity should be enhanced when the method is applied to ship with small vertex angle.
IV. EXPERIMENTS AND DISCUSSION
In order to verify the analysis results, an experimental prototype was manufactured based on the presented ship-like model. The experiments were carried out in a small water tunnel. The experimental system mainly consists of an experimental prototype with the vertex angle as 10 • , a displacement sensor probe, a computer, and an NI acquisition card, as shown in Fig. 16 . The measuring device in this paper adopts a dynamometer link with a cantilever beam type. The upper end of the dynamometer link is fixed and the lower end is connected with the experimental prototype. When the prototype placed in a water tunnel is impacted by an incoming flow, it will be subject to head-on resistance. The head-on resistance acting on the end of the dynamometer link causes a certain deformation of the dynamometer link. 
V. CONCLUSION
A method for achieving drag reduction of ship in the navigation process based on piezoelectric ceramic vibration is proposed. The maximum drag reduction rate (at the conditions of vertex angle of 10 • , vibration amplitude of 6 µm) can be reached up to 48.96% in this work. The influences of vibration amplitude, flow velocity and vertex angle on the drag reduction performance were analyzed. The approaches to achieve better reduction performance were obtained: when the drag reduction method is used for ship with small vertex angle or the moving velocity increases, the excitation intensity should be increased to obtain larger vibration amplitude; when the drag reduction method is used for ship with large vertex angle, the excitation interval should be increased to obtain the peak value of drag reduction rate. The feasibility of the proposed drag reduction method by using piezoelectric ceramic vibration is proved, and the validity of the analysis results is verified. 
